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Introduction 
CHAPTER 1 
INTRODUCTION 
Nitric oxide (NO), at an elevated level acts as a toxic air pollutant, 
which is produced mainly by electrical discharges, automobile engines and 
power plants in the atmosphere (Stohr and Ullrich, 2002). In the air it is 
converted to nitric acid, which is an important component of acid rain and 
in association with nitrogendioxide (NO2) participates in ozone layer 
depletion (Kramlich and Linak, 1994). However, at a very low 
concentration, this inorganic free molecule has been described as gaseous 
phytohormone (Leshem, 2000) which is endogenously formed in many 
biological systems. NO production in plant tissues was first observed by 
Klepper (1975a) and later on four different enzymatic pathways involved 
in its production have been proposed; (a) nitric oxide synthase, (b) 
plasma membrane bound nitrate reductase, (c) mitochondrial electron 
transport chain and (d) non-enzymatic reactions (Durzan and Pedroso, 
2002; Guo et al., 2003). Nitric oxide is a signaling plant growth regulator 
(Beligni and Lamittina, 2000) that acts mainly against oxidative stress 
(Neill et al., 2002). At low concentrations of either endogenously produced 
or exogenously applied, it exerts a significant growth promoting effects 
(Leshem, 1996) and acts as an intra and intercellular messenger and a 
functional metabolite, involved in the regulation of diverse biochemical 
and physiological processes in plants. The processes regulated by NO 
include seed germination, growth and development, apoptosis, 
hypersensitive response and hypoalexin production (Zhang et al., 2005). 
Root organogenesis, hypocotyl growth, defense responses and stomatal 
closure are the other responses assigned to NO (Neill et al., 2003). 
The biological activities of NO are diverse, concentration dependent 
and are exerted on phylogenetically distant species that opens a fantastic 
window for yet unexplored field of NO's function in plant kingdom. 
Brassinosteroids (BRs) is another group of signaling steroidal plant 
hormones (Felner, 2003) initially isolated from the pollen grains of 
Brassica napus (Grove et al., 1979). They have diverse physiological roles 
in plants, such as cell division, cell elongation, vascular differentiation, 
pollen tube growth, ethylene production, senescence, enzyme activation, 
gene regulation, protein and nucleic acids biosynthesis, photosynthesis 
(Clouse and Sasse, 1998; Sasse, 2003). Moreover, they have also been 
reported to play a vital role in plants to counter various biotic and abiotic 
stress factors, in diverse plant species. They counteract high and low 
temperature stress (Wilen ef al., 1995) moisture/water stress (Sairam, 
1994), NaC! stress (Ozdemir et al., 2004; AN et al., 2007), heavy metals, 
cadmium stress (Hayat et al., 2007; Hasan et al., 2007) nickel stress 
(Alam etal., 2007) and various blotlc stresses (Clouse and Sasse, 1998). 
The present research was designed with an objective to explore the 
interactive effect of these two important signaling molecules, nitric oxide 
and brassinosteroids on various physiological processes including the 
antioxidant system and to study the ameliorative role of BRs on NO, if 
supplement in excess concentration, in tomato {Lycopersicon esculentum) 
plants. The hypothesis tested is that BRs would have a positive 
interaction, provided NO at low concentration and will ameliorate the 
stress generated by excess concentration of nitric oxide. 
^view of Literature 
CHAPTER 2 
REVIEW OF LITERATURE 
Brassinosteroids 
Brassinosteroids (BRs) represent a new sixth class of plant 
hormones (Hayat and Ahmad, 2003) with wide occurrence in the plant 
kingdom in addition to auxins, gibberellins, cytokinins, abscisic acid and 
ethylene. They are growth promoting plant hormones with structures 
similar to animal steroidal hormones ecdysteroids (Rao ef a/., 2002). The 
origin of BRs research started with the discovery of a lipophilic compound 
with hormone like activity from pollen extract of Brassica napus (Mitchell 
et al., 1970). This substance was termed as "Brassins". Later Grove ef a/., 
in 1979 also isolated BRs from pollens of Brassica napus. After Grove's 
report, another brassinosteroid, castasterone was isolated in Tokyo 
(Yokota et al., 1982a), At present, 70 such analogues (65 unconjugated 
and 5 conjugated) have been identified from 60 plant species including 51 
angiosperms (12 monocotyledons and 38 dicotyledons), 6 gymnosperms, 
1-pteridophyte {Equisetum arvense), 1 bryophyte {Marchantia 
polymorpha) and 1 chlorophyte, the alga {Hydrodictyon reticulatum) 
(Hayat and Ahmad, 2003). They have been collectively named as 
brassinosteroids (Clouse and Sasse, 1998). Among these, three natural 
brassinosteroids (brassinolide, 24-epibrassinolide and 28-
homobrassinolide) are known to have economical impact on plant 
metabolism, growth and productivity and these three present a higher 
stability under field conditions (Khripach ef al., 2000). Distribution of BRs 
is not uniform throughout the plant body, however, young growing tissues 
have comparatively a large share than the mature tissues (Yokata and 
Takahashi, 1986). Now, these are known to be present in all plant parts, 
including roots (Bajguz and Tretyn, 2003). 
Brassinosteroids have unique biological activities in plants. They are 
involved in diverse physiological processes which include leaf bending, 
epinasty, seed germination, nucleic acids and protein synthesis, ethylene 
production, pollen tube growth and stress tolerance (Clouse and Sasse, 
1998; Sasse, 2003). The aqueous solution of 28-homobrassinolide, 
applied to the foliage of wheat and mustard (Sairam, 1994; Hayat et al., 
2000, 2001a) or a presoaking treatment to mungbean (Fariduddin et al., 
2003, 2004) enhanced the photosynthetic rate. BRs lead to activation of 
enzymes and photosynthesis (Hayat and Ahmad, 2003c; Fariduddin et al., 
2004) and also increased the leaf chlorophyll content (Fariduddin et al., 
2003). Similarly dipping of the roots of tomato plants increased the level 
of chlorophyll pigment and enhanced the activity of carbonic anhydrase 
(All et al., 2006). BRs increased CO2 fixation rate, PEP carboxylase, 
RuBPCase, soluble protein and leaf growth in wheat and mustard (Braun 
and Wild, 1984; Yand et al., 1992). Pretreatment of epibrassinolide 
significantly alleviated photoinhibition in cucumber seedlings, 
photosynthesis, stomatal conductance and transpiration rate (Yu et al., 
2004). BRs influence cell division and consequently leaf size, leaf anatomy 
and stomatal frequency (Arteca and Arteca, 2001; Schluter et a/., 2002). 
The total chlorophyll content or its fractions increased in the leaves 
of wheat and mustard (Braun and Wild, 1984), maize (Shen et al., 1990), 
mung bean (Bhatia and Kaur, 1997) and mustard (Hayat et al., 2001a) 
by foliar application of 28-homobrassinolide and in cucumber (Yu ef a/., 
2004) by epibrassinolide. However, presowing treatment of 
brassinosteroids also increase the chlorophyll contents in leaves of rice 
(Wang, 1997), mustard (Hayat and Ahmad, 2003b) and mung bean 
(Fariduddin etal., 2003). 
Brassinosteroids show significant growth promoting properties 
(Clouse and Sasse, 1998) and has been demonstrated by using 
brassinosteroids biosynthetic mutants and brassinosteroids insensitive 
mutants of Arabidopsis thaliana (Kauschamann ef al., 1996; Li ef a/., 
1996; Szekeres ef al., 1999), Pisum sativum (Nomura ef a/., 1997) and 
tomato (Koka ef al., 2000). In all the above studies, BR mutant showed 
reduced growth which was successfully reversed by the application of BRs. 
Similarly, the leaf applied, 28-homobrassinolide (HBL) increased plant 
fresh and dry mass in mustard (Hayat ef al., 2000, 2001) and 24-
epibrassinolide (EBL) enhanced plant height, root and shoot length, their 
fresh and dry mass in CIcer arietinum (Singh ef al., 1993) and Arachis 
hypogea (Vardhini and Rao, 1998). The seedlings raised from the grains 
pre-treated with HBL possessed significantly higher fresh and dry mass of 
wheat seedlings (Hayat and Ahmad, 2003) and salt stressed chick pea (Ali 
ef al., 2005). The application of BRs also favoured the growth and 
productivity in wheat (Sairam, 1994), mung bean (Bhatia and Kaur, 
1997), rice, wheat, potato, groundnut, mustard and cotton (Ramraj ef a/., 
1997); mustard (Hayat ef al., 2000, 2001a), lentil (Hayat and Ahmad, 
2003c). Likewise, the application of HBL to the roots of tomato seedlings, 
at the time of transplantation enhanced their growth (Ali ef al., 2006). 
Brassinosteroids were found to reverse the inhibitory effect of ABA on 
germination and seedling growth in BR-deficient biosynthesis mutant 
det-2-1 of Arabidopsis (Steber and McCourt, 2001). BR stimulate 
germination in GA deficient/insensitive mutant of Arabidopsis (Steber and 
McCourt, 2001) which was proposed to be GA and GLU-1 independent 
promotion of growth potential in the germinating seeds (Leubner Metzger, 
2001). The exogenous application of BRs activates the germination 
process in the seeds of Brassica napus (Chang and Cai, 1988), rice (Dong 
ef a/., 1989), wheat (Sairam et al., 1996; Hayat et al., 2003), groundnut 
(Vardhini and Rao, 1997), tomato (Vardhini and Rao, 2000) and tobacco 
(Leubner-Matzger, 2001). Moreover, the soaking of the seeds of chickpea 
in HBL and/potassium also enhanced the process of germination, where 
the combination treatment was more effective (All et al., 2005). 
Brassinosteroids, 24-epibrassinolide and 28-homobrassinollde also played 
an effective role in increasing the percentage of germination and seedling 
growth of Eucalyptus camaldulensis (Sasse et al., 1995), groundnut 
(Vardhini and Rao, 1997) under salt stress and sorghum under osmotic 
stress (Vardhini and Rao, 2003). 
Foliar application of 28-homobrassinolide increase the activity of 
carbonic anhydrase enzymes in the leaves of Brassica juncea (Hayat et 
al., 2000, 2001a, 2003) and cadmium stressed Brassica juncea (Hayat ef 
al., 2006). Seedlings of wheat and mungbean, raised from grains treated 
with 28-homobrassinolide, possessed high carbonic anhydrase activity in 
their leaves (Hayat et al., 2001b; Fariduddin et al., 2003). The leaves of 
Lycopersicon esculentum whose roots were treated with 28-
homobrassinolide also exhibited a significant increase in carbonic 
anhydrase activity (Ali et al., 2006). 
BRs also increased the nitrate reductase (NR) activity in the plants 
of rice (Mai et al., 1989), maize (Shen et al., 1990), water stressed wheat 
(Sairam, 1994), lentil (Hayat and Ahmad, 2003a,b), mung bean 
(Fariduddin et al., 2004), wheat (Hayat and Ahmad, 2003c) and cadmium 
stress Brassica juncea (Hayat et al., 2007). Similarly, they also activated 
the enzyme rublsco In the plants of Cucumis sativus (Yu et al., 2004). 
Increased proline levels in the plants of chilling stressed rice (Wang 
and Zang, 1993) osmotic stressed sorghum (Vardhini and Rao, 2003), 
NaCI stressed mustard (Hayat etal., 2006) and chickpea (Ali ef al., 2007) 
and cadmium stressed Brassica juncea (Hayat et al., 2007) were observed 
by the application of brassinosteroids. Similarly, EBL treated seedlings of 
Vigna aconitifolla had higher malondialdehyde concentrations than 
controls, indicating that EBL enhanced high temperature induced lipid 
peroxidation (Upadhyaya etal., 1991). 
In rice, the treatment with 24-epibrassinolide reduce electrolyte 
leakage during chilling (1-5°C) and also lowered the contents of 
melonaldehyde and superoxide dismutase. The improvement in resistance 
was attributed to BR induced effects on membrane stability and 
osmoregulation (Wang and Zang, 1993). The soaking of the seeds of 
chickpea in HBL resulted in a significant increase in the relative water 
content (Ali et al., 2005). Likewise, the foliar spray of BR significantly 
increased relative water content in wheat under irrigated and moisture 
stress (Sairam, 1994) and mustard exposed to cadmium stress (Hayat et 
al., 2007). However, HBL application resulted in significant decrease in 
percent membrane injury (increased membrane stability) in wheat 
(Sairam, 1994), wheat and maize (Kulaeva et al., 1991; Shen ef al., 
1990). 
BRs increased the activity of antioxidative enzymes (catalase, 
peroxidase, superoxide dismutase) in rice, grown under salt stress (Nunez 
et al., 2003) in B. juncea under cadmium stress (Hayat ef al., 2007). BRs 
treatment enhanced the activity of catalase, and reduced the activities of 
peroxidase and ascorbic acid oxidase in sorghum grown under osmotic 
stress (Vardhini and Rao, 2003). Ozdemir et al. (2004) also noted an 
elevation in the activities of the antioxidant enzymes in rice seedlings 
treated with NaCI. 
BRs are involved in conferring the resistance to various biotic and 
abiotic stresses (Sasse, 2003). The treatment of rice and tomato (Kamuro 
and Takatsuto, 1991), maize (He etal., 1991), cucumber (Katsumi, 1991) 
and brome grass (Wilen et al., 1995) with BRs increased resistance to low 
temperature. Similarly, BRs increased the tolerance limit to high 
temperature in wheat (Kulaeva et al., 1991) and bromegrass (Wilen et al., 
1995) and also counteracted the drought stress in sugarbeet (Schilling et 
al., 1991) and moisture stress in wheat (Sairam, 1994). Seeds treated 
with BRs favoured their germination and the growth of seedlings of 
Eucalyptus (Sasse et al., 1995) and rice (Anuradha and Rao, 2001) under 
saline conditions and also increased the activity of antioxidative enzymes 
in rice, grown under salt stress (Nunez etal., 2003). 
Similarly, BRs also enhanced tolerance of mustard plants to 
cadmium (Hayat et al., 2007), nickel (Alam et al., 2007), aluminium 
(Abdullahi et al., 2003) and protected the chickpea plants from cadmium 
toxicity (Hasan ef al., 2007). The enhanced resistance in these 
investigations was mainly attributed to the elevated antioxidant system. 
However, the direct involvement of BRs in Inducing the tolerance in the 
stressed plant is a debatable aspect, which will be confirmed only after the 
analysis at molecular level. 
Nitric oxide 
For a long time nitric oxide (NO) like nitrogen dioxide (NO2) was 
regarded as being produced mainly by electrical discharges in the 
atmosphere whereas, more recently it accumulated as a component of 
pollution gases produced by heavy industry and traffic, first on a local, 
then on global scale (Stohr and Ullrich, 2002). Thus in past decades, the 
investigation in plants was mainly concentrated on damaging effects, for 
example, effects on the photosynthetic apparatus and on chlorophyll 
levels in the trees of forests, urban park areas and industrial districts. 
Twenty years ago, NO studies in plant systems were focused on the 
phytotoxic properties of the oxides of nitrogen (NO2, N2O3, NO2", NO3") and 
their effect upon vegetation or on enzymes containing metal groups 
(Rowland et al., 1985). 
NO Is a gaseous molecule, soluble in water and lipid, which is 
mainly formed in young actively growing tissues. NO can be generated by 
enzymatic and non-enzymatic reduction of inorganic forms of oxidized 
Id 
nitrogen (Stohr and Ullrich, 2002; Lamattina et al., 2003). In plants, the 
non-enzymatic reaction leading to NO formation can be catalyzed by 
ascorbic acid at a pH below 4.0 in the chloroplast and apoplastic space 
where ascorbic acid was reported to be present (Horemans ef al., 2000). 
A light mediated NO2" reduction by carotenoids with consequent NO 
production has also been reported (Cooney et a/., 1994). Recently a 
plasma membrane bound enzyme nitrite - nitric oxide reductase (NI-NOR) 
was shown to catalyze the formation of NO from NO2" in tobacco roots 
(Stohr et al., 2001). Klepper (1979) provided the first evidence of NO 
production due to nitrate reductase activity. Similarly, Harper (1981) 
demonstrated that NO evolved from soybean leaves during In vivo NR 
assays. He also found a positive correlation between NO production and 
NO2" level. First, NR dependent NO production apparently relies on nitrite 
accumulation (Rockel et al., 2002). In plants NO can also be generated as 
a byproduct of the activity of constitutive nitrate reductase (Dean and 
Harper, 1988; Yamasaki etal., 1999). 
Endogenously, NO is reported to be produced from L-arginine, 
NADPH and molecular oxygen, by constitutive and inducible forms of nitric 
oxide (NO) synthase, whose activity is strongly induced by ultraviolet B 
radiation (UV-B). This oxidative reaction requires NADPH and cofactor 
tetrahydrobiopterin to form L-citrulline, NO and NADPH"" (Leshem, 1996). 
Several algal species also emit NO when nitrate or nitrite is supplied under 
dark conditions (Klepper, 1979; Wildt et al., 1997; Mallick et al., 1999). 
NO can also be generated non-enzymatically, by chemical breakdown of 
NO donor molecules, such as sodium nitroprusside (SNP), S-nitroso-N-
acetylpenicillamine and 3-morpholinosydnonnine (Rucki, 1977; Leshem, 
1996). 
Research on NO, in plants gained considerable attention in recent 
years and there is increasing evidence of a role of this molecule in plant 
growth and development (Leshem and Haramaty, 1996; Leshem et al., 
1998; Ribeiro et al., 1999). Leshem, the pioneer in the study of nitric 
oxide in plants has proposed that NO should be classified as a 
phytohormone which may function as a gaseous endogenous plant growth 
regulator (Leshem, 2000). Beligni et al. (2001) has described NO as a 
non-traditional regulator of plant growth. It has a huge capability to 
regulate diverse physiological processes, in a concentration dependent 
manner (Anderson and Mansfield, 1979; Gouvea et al., 1997). NO 
stimulated seed germination in Paulownia tormentosa seeds under normal 
conditions (Grubusic and Konjevic, 1990; Grubusic etal., 1992) as well as 
in Suaeda salsa seeds under NaCI stress (WeiQiang et al., 2005). Different 
NO-donors from 0.01 M to 1 mM stimulated seed germination in empress 
(Giba et al., 1998) and in lettuce (Beligni and Lamattina, 2000). The SNP 
(upto 0.8 mM) application promoted seed germination in lupin that was 
more pronounced after 18 and 24 hour and ceased after 48 hour (Kopyra 
and Gwozdz, 2003). Exogenous nitric oxide also promoted seed 
germination and lateral root formation in maize (Zhang et al., 2004). 
Application of NO donors induces different processes such as root 
organogenesis, hypocotyl growth, defense responses, stomatal closure 
and apoptose (Delledonne et al., 1998; Durner et al., 1998; Kim et al., 
1998; Magalhaes et al., 2000; Pagnussat ef a/., 2002; Neill et al., 2003) 
and the hypersensitive response, growth and development, apoptosis and 
phytoalexin production (Noritake ef al., 1996; Deilendone ef al., 1998; 
Durner and Klessig, 1999; Beligni and Lamattina, 2000; Wendehenna ef 
al., 2001) and the induction of root growth (Pagnussat ef al., 2002). High 
levels (40-80 ppm) of NO inhibited the growth of tomato whereas, low 
level (0-20 ppm) stimulated the growth of tomato, lettuce (Hufton ef al., 
1996) and pea (Leshem and Haramaty, 1996). In rapidly growing pea 
foliage, a treatment of NO proved to have a dual behaviour (Leshem and 
Haramty, 1996). Application of micromolar concentrations produced an 
increase in the rate of leaf expnaison but no beneficial effect occurred at 
higher concentrations. Similarly, NO induced growth elongation in maize 
root segments, to the same extent as or even greater than indole acetic 
acid (Gouvea et al., 1997). Moreover, exogenous NO inhibit the mesocotyl 
elongation in maize seedlings (Zhang ef a/., 2003). SNP at a concentration 
below 100 micromol L"^  promoted root growth in maize, however, above 
that it was proved inhibitory (Zhang ef al., 2004). Low concentrations of 
either endogenously produced or exogenously applied NO in the 10^ M 
range exert significant growth promoting and ethylene inhibiting effects 
which are reversed by higher NO synthase inhibitor (N-G-methyi-L-
arginine). The exogenous application of SNP (10.0 and 20.0 m Mol L'^ ) 
inhibited the growth of the cells but stimulated the catharanthine 
production (Jun etal., 2005). 
NO can also stimulate the induction of defense reactions against 
plant pathogens (Durner and Klessig, 1999; Delledone et al., 1998). 
In microbes, nitrogen oxide (NO) is generated as a byproduct of 
denitrification, nitrification and reduction of nitrate to ammonia (Zumft, 
1997; Coiliver and Stephenson, 2000). Exogenous application of SNP (100 
^M'^ L) significantly enhanced the activity of nitrate reductase in leaves of 
maize plants (Zhang etal., 2004). 
The exogenous application of NO to both monocot and 
dicotyledonous epidermal strips induced stomatal closure, through a Ca^ "" 
dependent process (Garcia-Mata and Lamattina, 2001). In Pisum sativum 
and Vicia faba plants, absclsic acid (ABA) induced increase in endogenous 
NO production was suggested as a reason for ABA induction of stomatal 
closure (Garcia-Mata and Lamattina, 2001; Neill et al., 2002). There are 
also some convergent evidences that support the involvement of nitrate 
reductase (NR) through the production of NO in guard cell metabolism and 
stomatal movements (Garcia-Mata and Lamattina, 2003), leading to their 
closure (Neill et al., 2002; Garcia-Mata and Lamattina, 2002). SNP (0.1 
nM) acts as an important source of NO, stimulated de-etiolation and 
increased chlorophyll in potato, lettuce and Arabidopsis (Beligni and 
Lamattina, 2000). Similarly NO promoted a significant increase in 
chlorophyll content and chloroplast membrane density, in maize plants, 
growing with a very low iron concentration (Graziano et a/., 2002). 
Nitric oxide (NO) acts as a chain breaking antioxidant, arresting 
lipid peroxidation reactions (Hogg et al., 1993; Rubbo et al., 1994). 
Several studies on cell or metal induced lipoprotein oxidation as well as 
cell or tissue damage during oxidative stress conditions have indicated 
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that NO can inhibit oxidant dependent damage at both the molecular and 
functional levels through attenution of free radical processes (Radi et al., 
1995). The reaction of NO with superoxide (O2") produces the toxic 
compound peroxynitrite (OONO), which is more damaging than NO itself, 
exerting deleterious effects on DNA, lipids and proteins and similar to that 
observed with oxygen derived species (Pryor and Squadrito 1999; Stamler 
etal., 1992; Yamasaki et al., 1999). NO molecules can be a friendly signal 
to the activity of exo and endo-p-D-glucanase in leaf cell wall. If deficient, 
the enzyme activity was decreased, and the growth restricted (Sakurai 
1991; Inouhe and Nevins, 1998; Thomas et al., 2000; Terasaki et al., 
2001). 
Due to high lipophilic nature, NO may diffuse through membranes 
(Leshem, 1996) and act as an Intra and intercellular messenger in many 
plant physiological processes. NO may have beneficial effects, but it is 
potentially toxic when an excess of reactive oxygen species occurs 
(Lamattina etal., 2003; An-Lizhe etal., 2005). The exogenous application 
of NO stimulated the superoxide dismutase (SOD) activity and/or divert 
scavenging of the superoxide anion thereby protecting the stressed lupin 
(Kopyra and Gwowdz, 2003). At low concentrations NO can interrupt the 
radicle-mediated lipid oxidation and thus plays a protective role, whereas 
at higher concentrations it can have a synergistic effect with reactive 
oxygen leading to toxic products (Beligni and Lamattina, 1999a,b). NO is 
also known to induce a higher expression of various enzymes involved in 
defense reactions. The most rapid of the inducible overall reactions is the 
hypersensitive response (HR) (Heath, 2000; Delledonne et al., 1998). It is 
suggested that HR might be a combination of direct local attacks by the 
oxidants on the host cells causing lipid layer decay of the electrical 
membrane potential (Pavlovkin et at., 1986), in addition to the activation 
or induction of superoxide dismutase and other enzymes related to 
programmed cell death (Durner eta/., 1998; Wendehenne etal., 2001). 
NO can exert a protective action against oxidative stress provoked 
by an increased concentration of superoxide, hydrogen peroxide and alkyl 
peroxide (Wink et al., 1995). Endogenously free radicle NO has been 
proposed to be either cytotoxic or cytoprotective (Stamler, 1994; Beligni 
and Lamattina, 1999). The cytoprotective effects of NO in plants were 
reported under strong oxidative conditions both during biotic and abiotic 
stresses, even under photo-oxidative situations (Beligni and Lamattina, 
1999; 2002). NO effects peroxidase activity, with potential knock on 
effects on reactive oxygen species and xylem development (Ferrer and 
Ros-Barcelo, 1999; Clark et a/., 2000; Ros-Barcelo et al., 2002). NO also 
inhibits catalase and ascorbate peroxidase activity (Clark et al., 2000). 
It is realized from the literature cited above that NO has been 
assigned contradictory roles. There are the reports which suggest that it 
should be considered as a plant growth regulator. Simultaneously, others 
contradict the assumption by considering it a free radical or a toxic 
byproduct of some reactions in plants. Therefore, it was necessary to 
evaluate its exact role in the physiology of the plant system. 
Materials andMetfiods 
CHAPTER 3 
MATERIALS AND METHODS 
3.1 Proposed study 
A sand culture experiment was conducted on tomato {Lycopersicon 
esculentum L. cv. K-21) in rabi season of 2006-07 to study the effect of 
brassinosteroidson some specific changes induced by nitric oxide. 
3.2 Sand washing 
Sand culture was preferred to achieve dependable results, 
therefore, to make it free from impurities it was left overnight in 20% 
hydrochloric acid. Washing was done the next day under running tap 
water several times to make it acid free. At last, it was washed three 
times with deionized water and was sun dried. This pure sand was filled in 
plastic cups, in an equal volume. 
3.3 Seeds 
The authentic seeds of tomato {Lycopersicon esculentum L. cv. 
K-21) were purchased from Chola Beej Bhandar, Aligarh. The healthy 
seeds were surface sterilized with 0.01% mercuric chloride solution 
followed by repeated washing with double distilled water (DDW). 
3.4 Hormone preparation 
28-homobrassinolide (HBL) and 24-epibrassinolide (EBL) was 
obtained from Godraj Agrovet Ltd. Mumbai and Sigma Chemicals, USA 
respectively. Stock solution (10"''M) was prepared by dissolving required 
quantity of the hormone in 5 cm^ of ethanol, in a 100 cm^ volumetric 
flasks. 5 cm^ of surfactant "Tween 20" was added to it and final volume 
was made upto the mark by using DDW. The desired concentration of HBL 
and EBL were prepared by the dilution of stock solution. 
3.5 Source of nitric oxide (NO) 
Sodium nitroprusside (SNP) was used as the source of NO. The 
required concentrations of SNP were prepared by dissolving the requisite 
amount in DDW. 
3.6 Experiment 
The design of the experiment was simple randomized block design 
and the seeds/plants were treated in the following manner: 
The surface sterilized seeds were soaked in DDW (control), 10'^ M 
or IM of SNP, for eight hours and were sown in sand, moistened with 
DDW in plastic pots. These seeds were allowed to germinate and were 
supplied with full nutrient solution (Hewitt, 1966) from 7 days after 
sowing (DAS) onward. To maintain the sufficiency of nutrients, the supply 
of nutrient solution was maintained throughout the duration of the 
experiment. These plants were divided into three different sets. 
In the first set, the plants received DDW at 30 DAS as spray. 
Whereas, in the Ilnd and I l i rd set plants were sprayed with 10"^ M of HBL 
and EBL, respectively at 30 DAS. Each seedling was sprinkled with the 
desired hormone thrice. The nozel of the sprayer was adjusted in such a 
way that it pumped out 1 cm^ in one sprinkle. Therefore, each plant 
received 3 cm^ of the hormone (HBL or EBL) or DDW. These seedlings 
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were allowed to grow in a net house, under natural environmental 
conditions, with an average day/night temperature, humidity and 
photoperiod of 25±2°C, 70±2 and 12 h, respectively. The plant samples 
were collected at 45 DAS to assess the following parameters: 
1. Shoot length plant"^ 
2. Root length plant"^ 
3. Leaf area plant"^ 
4. Fresh mass plant"^ 
5. Dry mass planf^ 
6. Root-shoot ratio piant'^ 
7. Chlorophyll a, b and a/b in leaves 
8. Spad chlorophyll in leaves 
9. Carotenoid content in leaves 
10. Nitrate reductase activity in leaves 
11. Nitrate reductase activity in roots 
12. Proline content in leaves 
13. Proline content in roots 
14. Carbonic anhydrase activity in leaves 
15. Relative water content in leaves 
16. Membrane stability index in leaves 
17. Electrolyte leakage in leaves 
18. Lipid peroxidation in leaves 
19. Peroxidase activity in leaves 
20. Catalase activity in leaves 
21. Superoxide dismutase activity in leaves 
22. Photosynthesis and related parameters in leaves 
3.7 Determination of growth parameters 
The following methods were adopted to assess the following growth 
parameters. 
3.7.1 Shoot length plant'^ 
One plant from each pot was taken and length of shoot was 
measured in cms scale. 
3.7.2 Root length plant'^ 
One plant from each pot was taken and length of root was 
measured in cms. 
3.7.3 Leaf area plant'^ 
Leaf area was ascertained by gravimetric method. The leaf area of 
few leaves from each treatment was determined by tracing on graph 
sheet and dry mass for these samples were recorded. The leaf area plant"^ 
was computed by using leaf dry mass plant'^ and the dry mass of those 
leaves for which the area was estimated using the following formula : 
LAiX W2 
LA = cm^ 
Where, LAi = Leaf area of the leaves traced on graph paper, 
Wi = Dry mass of the leaves for which area was traced on 
graph paper. 
W2 = Total leaf dry mass plant'^ 
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3.7.4 Fresh mass plant'* 
Fresh mass of the sampled plant was determined with the help of 
electrical balance. 
3.7.5 Dry mass plant'* 
The plant samples were kept in an oven run at 80°C for 24 h. After 
24 h, the samples were weighed on electrical balance to ascertain their 
dry mass. 
3.8 Chlorophyll and carotenoid content 
The chlorophyll and carotenoid contents in fresh leaf were 
estimated following the method worked out by MacKinney (1941) and 
Lichtenthaler (1987). 
1 g of finely cut fresh leaves was ground to a fine pulp using a 
mortar and pestle after pouring 20 cm^ of 80% acetone. The mixture was 
centrifuged at 5,000 rpm for 5 minutes. The supernatant was collected in 
100 cm^ volumetric flask. The residue was washed three t imes, using 80% 
acetone (Appendix 1). Each washing was collected in the same volumetric 
flask and volume was made upto the mark, using 8 0 % acetone. The 
absorbance was read at 645 nm and 663 nm against the blank (80% 
acetone) on spectorphotometer. The chlorophyll content present in the 
extract (mg kg'^ tissue) was calculated using the following equations : 
V 
mg chlorophyll ' a ' kg tissue = 12.7 (Aees) - 2.69 (A645) x 
mg chlorophyll ' b ' kg"^ tissue = 22.9 (AgAs) - 4.68 (Ages) x 
1000 X W 
V 
1000 X W 
7.6 (A48o) - 1.49 (A510) V 
Carotenoid content = x 
1.4 1000 X W 
where, A = Absorbance at specific wavelengths 
V = final volume of extract in 80% acetone 
W = Fresh mass of tissue, used for extraction 
3.9 Spad chlorophyll 
SPAD chlorophyll meter (Minolta, USA) was used to assess the 
SPAD value for chlorophyll in the leaves. 
3.10 Photosynthetic measurements 
The photosynthetic parameters (photosynthetic rate, stomatal 
conductance, water use efficiency, internal CO2 concentration, and 
transpiration rate) were measured by using portable photosynthesis 
system (LI-COR 6400, Lincoln, USA). The measurements were made on 
uppermost fully expanded leaves of the main branch in the sampled plants 
between 11 to 12 hours under clear sun light. 
3.11 Nitrate reductase activity 
The activity of nitrate reductase was measured following the 
method laid down by Jaworski (1971) in fresh leaf/root samples. 
The leaves/roots were cut into small pieces (1 cm^). 200 mg of 
these chopped sample was weighed and transferred to plastic vials. To 
each vial 2.5 cm^ of phosphate buffer (Appendix 2.1) and 0.5 cm^ of 
potassium nitrate solution (Appendix 2.2) was added followed by the 
addition of 2.5 cm^ of 5% isopropanol (Appendix 2.3). These vials were 
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incubated in BOD incubator for 2 hours at 30±2°C in dark. 0.4 cm^ of 
incubated mixture was taken in a test tube to which 0.3 cm^ each of 
sulphanilamide solution (Appendix 2.4) and NED-HCI (Appendix 2.5) were 
added. The test tube was left for 20 minutes, for maximum colour 
development. The mixture was diluted to 5 cm^ with DDW. The 
absorbance was read at 540 nm on spectrophotometer. A blank was run 
simultaneously with each sample. Standard curve was plotted by using 
known graded concentration of sodium nitrite solution. The absorbance of 
each sample was compared with that of calibration curve and nitrate 
reductase activity [n mol N02g'^h"^] on fresh mass basis was recorded. 
3.12 Proline content 
The proline content in fresh leaves/roots was estimated following 
the procedure used by Bates et al. (1973). 0.5 g of fresh sample was 
homogenized in a mortar with 5 cm-' of 3% sulphosalicylic acid (Appendix 
3.1). The homogenate was filtered through Whatman filter paper No. 2 
and collected in a test tube with two washings. 5 cm^ of sulphosalicyclic 
acid, 2 cm^ each of glacial acetic acid and acid ninhydrin (Appendix 3.2) 
was added to 2 cm^ of the above extract. This mixture was heated in 
boiling bath water for 1 hour. The reaction was terminated by transferring 
the test tubes to ice bath. 4 cm^ of toluene was mixed to the reaction 
mixture with vigorously shaking for 20-30 seconds. The chromophore 
(toluene) layer was aspirated and warmed to room temperature. The 
absorbance of red colour was read at 520 nm against a reagent blank. The 
amount of proline in the sample was calculated by using a standard curve 
prepared from pure proline (range 0.1-36 ^ mol) and expressed on fresh 
mass basis of the sample. 
fig proline cm"-^  x cm"^ toluene 5 
^ moles of proline g"^ tissue = - x 
115.5 g (sample) 
where 115.5 is the molecular mass of the proline 
3.13 Carbonic anhydrase activity in leaves 
The carbonic anhydrase activity in the leaves was measured 
following the method described by Dwivedl and Randhava (1974). 
The fresh leaf were cut into small pieces at a temperature below 
25°C. 200 mg of these pieces was weighed and transferred to petriplates. 
The leaf pieces were cut further into smaller pieces in 10 cm-^  of 0.2m 
cystein hydrochloride (Appendix 4.1) and left at 4°C for 20 minutes. The 
leaf pieces were blotted and transferred to a test tube containing 4 cm^ of 
phosphate buffer of pH 6.8 (Appendix 4.2). To this test tube 4 cm^ of 
0.2M sodium bicarbonate (Appendix 4.3) solution and 0.2 cm^ of 0.002% 
bromothymol blue (Appendix 4.4) were added. The test tube was shaken 
gently and left at 4°C for 20 minutes. CO2 liberated by the catalytic action 
of CA on NaHCOa was estimated by titrating the reaction mixture against 
0.05N HCI (Appendix 4.5) using methyl red (Appendix 4.6) as an 
indicator. In each sample the quantity of HCI used to neutralize reaction 
mixture was noted and difference was calculated. A blank consisting of all 
the above components of reaction mixture, except the leaf sample, was 
run simultaneously with each set of samples. The activity of the enzyme 
was calculated by putting the values in the formula : 
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V X 22 X N 
[mol (CO2) kg'^ (Leaf fresh mass)s"^] 
W 
Where, V = difference in volume (cm^ of HCI used in control and 
test sample titration). 
22 = equivalent mass of CO2 
N = Normality of HCI 
W = Fresh mass of tissue used 
3.14 Relative water content (RWC) 
RWC was determined from leaf discs with a diameter of 16 mm, 
excluding midrib. Discs were weighed and floated immediately on DDW in 
a petridish and kept at 4°C for 24 hours. Turgid mass was taken after 24 
hours. These discs were dried further at 80°C for 48 hours to obtain their 
dry mass. Relative water content of the discs was calculated as : 
Fw - dw 
RWC = (Jones and Turner, 1978) 
Tw - dw 
Where, Fw = Fresh mass of leaf 
Dw = oven dry mass of leaf 
Tw = turgid mass of leaf 
3.15 Membrane stability index 
The membrane stability index (MSI) was estimated by taking 200 
mg leaf material in 10 cm^ of DDW in two sets. One set was heated at 
40°C for 30 minutes in a water bath and the electrical conductivity bridge 
(Ci) was measured on a conductivity meter. Second set was boiled at 
100°C on a boiling water bath for 10 minutes and its conductivity was also 
measured on conductivity bridge (C2). MST was calculated using the 
formula (Sairam, 1994b). 
MST = [ 1 - (C1/C2)] X 100 
3.16 Electrolyte leakage 
The total inorganic ions leaked out in the leaves were estimated 
by the method of Sullivan and Ross (1979). Twenty leaf discs were taken 
in a boiling tube containing 10 cm-' of deionized water and electrical 
conductivity was measured (ECa). The content were heated at 45°C and 
55°C for 30 minutes each in a water bath and electrical conductivity was 
again measured (ECb). Later the content were again boiled at 100°C for 
10 min and EC again recorded (ECc). The electrolyte leakage was 
calculated by using the formula : 
ECb - ECa 
Electrolyte leakage (%) = x 100 
ECc 
3.17 Lipid peroxidation 
Lipid peroxidation rates were estimated by measuring the 
malondialdehyde equivalents according to Hodges etal. (1999). 
0.5 g of leaf sample was homogenized in a mortar and pestle with 
80% ethanol (Appendix 5.1). The homogenate was centrifuged at 3000 g 
for 10 minutes at 4°C. The pellet was extracted twice with the same 
solvent. The supernatant was added to a test tube with an equal volume 
of the solution comprised of 20% trichloroacetic acid (Appendix 5.2), 
0.01% butylated hydroxytoluene (Appendix 5.3) and 0.65% thiobarbutyric 
acid (Appendix 5.4). Samples were heated at 95°C for 25 minutes and 
cooled to room temperature. Absorbance were recorded at 440,532 and 
600 nm. Lipid peroxidation rates equivalent (n mol malondialdehyde mL^) 
were calculated by using the formula given by Hodges et al., 1999. 
i) [(Abs 532+TBA) - (Abs 600+TBA) - (Abs 532-TBA -Abs 600.TBA)] = A 
ii) [(Abs 440+TBA - Abs 600+TBA) 0.0571] = B 
ill) MDA equivalents (n mol.ml"^) = (A-B/157000) 10^ 
3.18 Estimation of peroxidase, catalase and superoxide dismutase 
500 mg of leaf tissue was homogenized in 5 cm^ of 50 mM 
phosphate buffer (pH 7.0) containing 1 % polyvinyl pyrrolidone. The 
homogenate was centrifuged at 15,000 rpm for 10 minutes at 5°C and the 
supernatant was used as extract for peroxidase, catalase and superoxide 
dismutase. 
3.18 .1 Estimation of catalase 
The estimation of catalase was done by permanganate titration 
method (Chance and Maehly, 1956). 3 cm^ of phosphate buffer (Appendix 
6.1), 1 cm^ of O.IM H2O2 (Appendix 6.2) and 1 cm^ of enzyme extract 
were mixed and was incubated at 25°C for 1 minute. Then 10 cm-' of 2 % 
H2SO4 (Appendix 6.3) was added. The mixture was t i trated against O.IN 
potassium permanganate (Appendix 6.4) to find the residual H2O2 until a 
purple colour persists for alteast 15 seconds. Similarly, a control set was 
stopped by the addition of H2SO4, prior to the addition of enzyme extract. 
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3.18.2 Estimation of peroxidase 
3 cm^ of pyrogallol phosphate buffer (Appendix 7.1) 0.1 cm^ of 
enzyme extract and 0.5 cm^ of 1 % H2O2 (Appendix 7.2) were nnixed in a 
cuvette and a change in absorbance, at 20 seconds interval for a period of 
3 minutes was read at 420 nm on a spectrophotometer. The control set 
was prepared by boiling the enzyme extract (Chance and Maehly, 1956). 
3.18.3 Estimation of superoxide dismutase (SOD) 
The activity of SOD was measured by the method of Beauchamp 
and Fridovich (1971). A 3 cm^ of reaction mixture containing 1 cm^ of 50 
mM phosphate buffer (Appendix 8.1), 0.5 cm^ of 13 mM methionine 
(Appendix 8.2), 0.5 cm^ of 75 mM NBT (Appendix 8.3), 0.5 ml of 2 ^M 
riboflavin (Appendix 8.4), 0.5 cm^ of 0.1 mM EDTA (Appendix 8.5) and 0.1 
cm^ of enzyme extract was made. Riboflavin was added in the last. The 
absorbance of the reaction mixture was read at 560 nm on a 
spectrophotometer. 
3.19 Statistical analysis 
The values for various parameters of the plants were subjected to 
statistical analysis by following the standard procedure described by 
Gomez and Gomez (1984). The 'F' test was applied to assess the 
significance of the treatment, at 5% level of probability. Critical difference 
(CD) among the treatment, was calculated. 
^suCts 
CHAPTER 4 
RESULTS 
4.1 Growth characteristics 
All the treatments significantly affect the growth characteristics 
(length, fresh and dry mass of root and shoot and leaf area) at 45 days 
after sowing (Table 1-2). The application of 24-epibrassinolide (EBL) or 
28-homobrassinolide (HBL) significantly increased the above mentioned 
growth parameters. Application of EBL was more effective than that of 
HBL. However, the plants receiving sodium nitroprusside (SNP) exhibited 
a concentration dependent response. The maximum concentration (IM) of 
SNP proved to be inhibitory and decreased the values of length of root by 
4.9%, length of shoot by 18%, fresh mass of root by 3.77%, dry mass of 
root by 10%, fresh mass of shoot by 61.23%, dry mass of shoot by 
74.58% and leaf area by 17.65% over the control. However, the lower 
concentration (10"^M) of SNP favoured the plant growth and also 
interacted with EBL or HBL positively. The best result were observed when 
10"^ M of SNP interact with EBL. In addition to this, either of the hormones 
(EBL or HBL) countered the inhibitory effect of IM of SNP and leveled the 
values with control, where EBL was more effective than HBL. 
4.2 Chlorophyll and carotenoid content 
The plants treated with EBL or HBL exhibited a significant increase 
in the level of chlorophyll a, chlorophyll b, chlorophyll a/b ratio, spad 
chlorophyll, and carotenoid contents compared to untreated control (Table 
3). The lower concentration (10"^M) of SNP also increased all the above 
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parameters, whereas, the IM of SNP proved to be inhibitory. The adverse 
effect generated by IM SNP was significantly overconne by the application 
of EBL or HBL EBL was nnore effective than HBL and increased the 
chlorophyll 'a' by 102.9%, chlorophyll 'b' by 82.2%, a/b ratio by 12.16%, 
spad value by 65.89% and carotenoid by 88.32% over the SNP (IM) 
treated plant. 
4.3 Carbonic anhydrase (CA) activity 
It is evident from table 3 that the activity of CA was significantly 
enhanced by the treatment of EBL or HBL or SNP (lO'^M) as compared to 
control. However, the treatment of plants with IM of SNP inhibit the 
activity of enzyme, which was 14.3% lower than that of control. The 
response of SNP (10"^M) in association with EBL or HBL was significantly 
higher than that of EBL or HBL or SNP (lO'^M) alone. Moreover, the 
inhibitory effect generated by SNP (IM) was neutralized by EBL or HBL 
spray and EBL was more effective in its effect. 
4.4 Photosynthesis and related attributes 
The photosynthetic parameters (stomatal conductance, intercellular 
CO2 concentration, water use efficiency, transpiration rate and net 
photosynthetic rate) exhibited a significant increase in response to BRs 
(EBL or HBL) and/or SNP (lO'^M) treatments compared to untreated 
control (Table 4). However, SNP (IM) decreased the values of stomatal 
conductance by 22.2%, intercellular CO2 concentration by 17.4%, water 
use efficiency by 10.6%, transpiration rate by 9.9% and net 
photosynthetic rate by 23.5%, over the control. However, the treatment 
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30 
of the plants, which was exposed to SNP (IM) stress, with EBL or HBL 
significantly improved all the above parameters. EBL spray excelled in its 
effect over HBL. 
4.5 Nitrate reductase (NR) activity 
The activity of NR in leaves and roots was stimulated by the 
treatment of EBL or HBL or SNP (lO'^M). The increase in NR activity by 
EBL (31.2%) or HBL (41.6%) or lO'^M of SNP (31.2%) in roots and In 
leaves by EBL (60.1%) or HBL (41.0%) or 10"^ M of SNP (31.2%) over the 
control was observed. Moreover, the effect of EBL or HBL with SNP (10" 
^M) was additive and generated the response higher than those of their 
individual ones. The higher concentration (IM) of SNP inhibited the 
activity of enzyme, both in root and leaves. However, the subsequent 
treatment of such plant with either EBL or HBL significantly improved the 
activity of the enzyme and maintained the values comparable to that of 
water sprayed control. 
4.6 Membrane stability index (MSI) 
The treatment of the plants with EBL or HBL resulted in a significant 
increase in MSI (Table 5). The increased values were 43.75% and 29.16% 
higher than that of the control. However, the SNP (lO'^M or IM) treatment 
affected the MSI differently. The lower concentration significantly 
increased it whereas the higher one decreased it. Nevertheless, the 
subsequent foliar spray of the plants with EBL or HBL to the plants raised 
from the seeds soaked in IM SNP significantly enhanced the MSI, which 
was 33.34% and 20% higher than those receiving SNP (IM) treatment 
alone. 
4.7 Electrolyte leakage and lipid peroxidation 
The pattern of response exhibited by these two parameter was 
different from that of others (Table 5). The application of either of the BRs 
could not affect them significantly. However, SNP (11^) treatment caused 
a significant increase in electrolyte leakage and lipid peroxidation vyhlch 
was 23.88% and 4.97% higher than that of control, respectively. The 
plants receiving IM of SNP in combination with BRs (EBL or HBL) had the 
values comparable with those of control, 
4.8 Relative water content 
The observations depicted in table 6 clearly shows that the relative 
water content (RWC) was significantly enhanced by the EBL or HBL 
treatments compare to the control. Similarly, the lower concentration (10' 
^M) of SNP also increased the RWC. However, the higher concentration 
(IM) of SNP significantly decreased the values and was 8.66% lower than 
that of the control. The inhibitory effect, generated by IM of SNP was 
completely neutralized by the spray of EBL or HBL. The RWC possessed by 
these plants was 20.93% and 14.43% higher than those receiving the 
SNP (IM) alone respectively. The interaction of the hormone with 10"^ M of 
SNP generated the response that was higher than all other treatments. 
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4.9 Proline content 
The level of proline, both In leaves and roots was significantly 
elevated by all the treatnnents (Table 6). The plants obtained from the 
seeds treated with IM of SNP possessed the content of proline which was 
41.24% and 38.46% higher than the control in roots and leaves, 
respectively. However, in combination with the BRs (EBL or HBL), it 
generated the values significantly higher than their individual ones. The 
combination of EBL and SNP (IM) was the most effective that increased 
the proline in roots and leaves by 13.87% and 23.15%, respectively, 
compared to those receiving IM of SNP alone. The value were closely 
followed by the treatment of SNP (IM) and HBL, which was more 
pronounced in leaves. 
4.10 Activity of antioxidative enzymes 
The data depicted in table 6 clearly reveal that the activity of 
antioxidative enzymes (viz. catalase, peroxidase and superoxide 
dismutase) exhibited a significant increase in response to SNP and/or 
EBL/HBL. Interestingly, the plants fed with highest concentration of SNP 
(IM) in association with either of the hormones generated the most 
favourable response. The application of EBL was more effective than HBL 
and increased the activities of catalase by 9.6%, peroxidase by 38.0% 
and superoxide dismutase by 14.9% compare to the control. 
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CHAPTER 5 
DISCUSSION 
The growth (length, fresh and dry nnass of root and shoot, leaf 
area) of plants resulting from the seeds treated with lower concentration 
(lO'^M) of SNP as a source of nitric oxide (NO) was significantly higher 
than that of the control (Table 1-2). At lower concentration, NO molecule 
favours the activity of exo- and endo-p-D-glucanase in cell wall (Sakurai, 
1991; Inouhe and Navins, 1998; Thomas et al. 2000; Terasaki et al., 
2001). The impact of NO in growth mediated by the activation of these 
enzymes is well established that has been verified by using NO deficit 
mutants where the enzyme activity was decreased, and the growth were 
restricted (Sakurai, 1991; Inouhe and Navins, 1998; Thomas et al., 2000; 
Terasaki et al., 2001). The glycosidic linkage between glucose units of cell 
wall was broken by these enzymes and loose the cell wall which leads to 
increase in its extensibility (Darley et al., 2001; Zhang et al., 2003) 
driving the growth by internal turgor pressure which was generated by an 
increase in relative water content (Table 6). However, the elevated level 
of SNP (IM) inhibited the plant growth that seems to be the consequence 
of supraoptimal value of SNP. Similar inhibition of plant growth by excess 
NO concentration has also been reported by Hufton et al. (1996) in lettuce 
and Leshem and Harmaty (1996) in pea. The present findings are also in 
conformity with the results reported by Beligni and Lamattina (2000) in 
tomato, lettuce and Arabidopsis. 
The application of brassinosteroids (EBL/HBL), alone as well as in 
association with 10"^M of SNP significantly enhanced the growth 
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parameters. The inhibition of growth by 11^ of SNP was also overcome by 
the EBL or HBL. The stimulatory effect of ERs on plant growth is mediated 
through the regulation of gene expression (Felner, 2003). They stimulate 
the genes BRUl and TCH4 corresponding to xyloglucan 
endotransglycosylase (XETs) as well as those of expansins (Cosgrove, 
1997). These enzymes are responsible for the cell wall loosening. In 
addition to this, BRs also affect the relative water content (Ali et al., 
2005; Table 6). The increased RWC builts up a hydrostatic pressure on 
cell wall which ultimately loose the cell wall. Simultaneously, BRs also 
maintain a healthy metabolic state of plant (Hayat et al. 2001; Fariduddin 
et al., 2003; Ali et al., 2006) which fulfills the demand of new wall/cell 
material resulting the growth of the cell wall as well as that of whole plant 
(Table 1-2). 
Nitric oxide at elevated concentrations induces the closure of 
stomata, which has been suggested to be mediated through Ca^ "^  
dependent process (Garcia-Mata and Lamattina, 2001). Similarly, Taylor 
and Gunderson (1986) also observed an induction in stomatal closure. 
This NO induced stomatal closure seems to be the reason for the decline 
in the stomatal conductance and consequently the internal CO2 
concentration (Table 4). Since CO2 concentration is an important regulator 
of CA activity besides other factors such as zinc and light (Tiwari ef al., 
2005), therefore, decrease in internal CO2 concentration resulted in a 
significant decline in the activity of CA (Table 3). The higher SNP also 
decreases the chlorophyll contents (Table 3). All these factors culminated 
into decreased net photosynthetic rate (Table 4). However, application of 
BRs (EBI7HBL) and/or NO (10'^ M) caused a significant increase in the 
level of chlorophyll and photosynthetic parameters. BRs also improved the 
level of chlorophyll and photosynthetic characteristics of the plants which 
was exposed to the higher concentration of SNP (Table 3-4). Similar 
results were also reported by Grazlano at al. (2002) at the low NO level. 
The increase in the photosynthetic parameter due to BR is in agreement 
with the findings of Hayat et al. (2001) in mustard, Fariduddin et al. 
(2003, 2004) in mungbean and Yu et al. (2004) in cucumber plants. It 
was also observed in the present research that chlorophyll a/b ratio 
exhibited a significant increase in response to BRs (EBL or HBL) and/or 
SNP (10"^ M). This indicates an increase in the level of chlorophyll a. In 
addition to this, BRs also enhance the activity of rubisco (Yu et al., 2004) 
a key enzyme of photosynthesis that can also be attributed to the 
elevation in the photosynthetic activity of the tomato plants (Table 4). 
Nitric oxide at elevated concentrations has an effect synergistic with 
that of reactive oxygen species (Beligni and Lamattina, 1999a,b) that 
cause damage to cell at multiple levels including the membrane, by 
generating oxidative stress. The advent of oxidative stress in the present 
investigation is evident from an increase in lipid peroxidation by IM of 
SNP (Table 5), that damages the plasma membrane and consequently the 
influx and efflux of nutrients such as NO3, which is a substrate inducer of 
nitrate reductase (NR) (Campbell, 1999). The membrane damage could 
result in a decrease in NO3 concentration. Therefore, the level of NR in 
SNP (IM) pretreated plants was lower than that of control (Table 5). 
However, at very low concentration NO acts as an antioxidant and thus 
plays a protective role (Belignl and Lamattina, 1999). BRs also modify/ 
stabilize the plasma membrane (Hamada, 1986; Kulaeva et al., 1991) 
under stress conditions, and activate the expression of specific genes 
(Felner, 2003) transcription and translation, thereby increasing the level 
of enzymes/proteins (Bajguz, 2000) and increase the uptake of NO3 
(Hayat et al., 2007). Therefore, the activity of the enzymes in BR and/or 
SNP (lO'^M) treated plants was higher, compared to control (Table 5). The 
earlier reports with BRs also suggest an increase in NR activity in mustard 
(Hayat et al., 2001), mungbean (Fariduddin et al., 2004) tomato (Ali et 
al., 2006) and cadmium stressed mustard (Hayat et al., 2007). 
The Increase in lipid peroxidation (TBARS formation) is a precise 
indicator of general oxidative damage, which exhibited a substantial 
increase in response to higher (IM) concentration of SNP (Table 5). NO at 
higher concentrations has been found to stimulate the formation of a pro-
oxidant, peroxynitrite (Dawson, 1998), that cause the lipid peroxidation 
and also alters the receptors functionality, activation/deactivation of 
enzyme system and depletion of ATP and NAD(P)H, leading to cellular 
injury and death (Kehrer, 1993). However, at lower concentrations, it acts 
as an antioxidant (Kanner et al., 1991). Therefore, the level of lipid 
peroxidation or TBARS formation in the plant treated withi 10"^M SNP was 
lower than those treated with IM of SNP (Table 5). The earlier reports 
also indicate that NO has protective antioxidant properties mainly by 
diminishing metal induced lipid peroxidation (Joshi et al., 1999). 
,•) / 
In a natural course, reactive oxygen species (ROS) including 
superoxide radicle (O2"), hydrogen peroxide (H2O2) and hydroxy! radicle 
(HO') are produced in the plants under stress (Asada, 1999; Dat et al., 
2000) including that of excess of NO (Wink and Mitchell, 1998; Lamattina 
et al., 2003) and oxidative stress (Neill et al., 2002). These ROS, if 
generated in larger quantities may oxidize proteins, lipids and nucleic 
acids leading to even mutation at the cellular levels (Halliwell and 
Gutteridge, 1999). However, to neutralize the toxicity of ROS, plants have 
evolved an endogenous system of enzymes (e.g. catalase, peroxidase, 
superoxide dismutase, glutathione reductase) and metabolites (e.g. 
ascorbate, glutathione, tocopherols and proline) to operate, if exposed to 
stress (Apel and Hirt, 2004). I t is evident from the increase in lipid 
peroxidation that NO has generated the oxidative stress in tomato plants 
(Table 5). Therefore, the increase in the level of antioxidant enzymes and 
that of proline (Table 6) was natural. However, the remarkable thing that 
emerged in the present investigation is that both BRs (EBL or HBL) and 
NO interacted positively with each other, when antioxidant system Is 
taken into consideration. It is well established that BRs have a direct role 
in the amelioration of oxidative stress. On the basis of molecular, 
physiological and genetic studies, Cao et al. (2005) have detected a gene 
DET2 that exhibits an over expression resulting in enhancement in 
resistance to oxidative stress in Arabidopsis. They also observed that the 
enhanced oxidative stress resistance in det2 plant was correlated with a 
constitutive increase in superoxide dismutase (SOD) activity and 
increased transcript levels of the defense gene catalase (CAT). In addition 
to this, BRs also enhance the expression of specific genes coding different 
enzymes (Khripach et al., 1999) that could also be an other reason for the 
elevation in the activity of antioxidant enzymes (Table 6). Similarly, BRs 
also enhanced the level of antioxidants including that of proline in NaCI 
stress rice (Nunez et a/., 2003; Ozdemir et al., 2004), cadmium stress 
mustard (Hayat et al., 2007) and aluminium stress mungbean (AN et al., 
communicated). The individual application of NO, at lower concentrations 
has also been found to enhance the activity of antioxidant enzyme 
(Kanner et al., 1991; Wink et al., 1995). Therefore, the plants treated 
with both BRs and NO had the higher values of antioxidants, compared to 
individual ones (Table 6). The increased antioxidants correct the oxidative 
stress mediated damage to membranes. Thus, the membrane stability 
Index of the plants treated with BRs and/or SNP, irrespective of the 
type/concentration was higher than those exposed to stress (Table 6). The 
correction of the membrane was also reflected in the decrease in 
electrolyte leakage in such plants compared to stressed ones (Table 5). An 
overview on the whole physiology such as induction of antioxidants, 
improvement in photosynthesis and enzyme activities resulted in a rich 
metabolic state of the plants (Table 1). Overall, the use of EBL was more 
effective than HBL, alone as well as in association with NO stress. This is 
due to the variation in the structure and stability of the analogues of BRs 
(Khripach et al., 2003). 
V) 
Conclusion 
A critical assessment of the present investigation provides some 
important clues about the physiological role of nitric oxide alone as well as 
in association with brassinosteroids in plants which are listed below : 
1. The response generated by NO (in the form of SNP) was 
concentration dependent. 
2. At a lower concentration (10"^ M), SNP favoured most of the 
parameters studied including antioxidants whereas the higher 
concentration (IM) was inhibitory. 
3. The lower concentration (10"^ M) of SNP interacted positively with 
either of the BRs (EBL or HBL). 
4. The BRs, irrespective of the analogue (EBL or HBL) significantly 
overcame the inhibitory effect of SNP (IM). 
5. Overall EBL was more effective than HBL, both under stress as well 
as under natural conditions. 
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APPENDIX 
1. Reagent for chlorophyll estimation 
80% acetone was prepared by mixing 80 cm^ of acetone with 
20 cm^ of DDW. 
2. Reagents for nitrate NR activity 
2.1 0.1 M phosphate buffer (7.4 pH) 
27.2 g of KH2PO4 and 45.63 g of K2HPO4.7H2O were dissolved 
separately in 1000 cm^ of DDW. The above solutions were mixed in 
the ratio of 16:84. 
2.2 0.2 M KNO3. 
20.2 g of KNO3 was dissolved in sufficient DDW and final 
volume was made upto 1000 cm^ using DDW. 
2.3 5% Isopropanol 
5 cm^ of isopropanol was pipetted into sufficient DDW and final 
volume was made upto 1000 cm^ using DDW. 
2.4 1% Sulphanilamide 
Ig of sulphanilamide was dissolved in 100 cm-' of 3N HCI. 3N 
HCI was prepared by dissolving 25.86 cm-' of HCI in sufficient DDW 
and final volume was maintained to 100 cm^ by using DDW. 
2.5 0.02% N-1-nephthyl-ethylenediamine dihydrochloride (NED-HCI) 
20 mg NED-HCI was dissolved in sufficient DDW and final 
volume was made upto 100 cm^, by using DDW. 
11 
3. Reagents for proline estimation 
3.1 3% Sulphosalicylic acid 
3 g of sulphosalicylic acid was dissolved in sufficient DDW and 
final volume was maintained 100 cm^, by using DDW. 
3.2 Acid ninhydrin solution 
1.25 g of ninhydrin was dissolved in a mixture of warm, 30 
cm^ of glacial acetic acid and 6M phosphoric acid (pH 1.0) with 
agitation till it got dissolved. It was stored at 4°C and used within 
24 hours. 
The 6M phosphoric acid was prepared by mixing 11.8 cm^ of 
phosphoric acid with 8.2 cm^ of DDW. 
4. Reagents for estimation of CA activity 
4.1 Cystein hydrochloride solution 
48 g of cystein hydrochloride was dissolved in sufficient DDW 
and final volume was made upto 1000 cm^, by using DDW. 
4.2 Sodiumphosphate buffer 
27.8 g NaH2P04 and 53.65 g Na2HP04 was dissolved each 
separately in sufficient DDW and final volume was made 1000 cm^ 
51 cm^ of NaH2P04 and 49 cm^ of Na2HP04 were then mixed to get 
the required solution. 
4.3 Alkaline sodium bicarbonate solution 
16.8 g of sodium bicarbonate (NaHCOa) was dissolved in 
aqueous 0.2M NaOH solution [0.8g NaOH (1000 cm^)'^] and final 
volume was made upto 1000 cm^ by using DDW. 
4.4 0.002% Bromothymol blue 
0.002 g of bromothymol blue was dissolved in sufficient DDW 
and final volume was made upto 1000 cm^, by using DDW. 
4.5 0.05N HCI 
2.15 cm^ of pure HCI was pipetted in sufficient DDW and final 
volume was made upto 1000 cm^ by using DDW. 
4.6 Methyl red indicator 
A pinch of methyl red was dissolved in sufficient ethanol and 
final volume was made 100 cm^ using ethanol. 
5. Reagents for estimation of lipid peroxidation 
5.1 80% ethanol 
80 cm^ of ethanol was mixed in 20 cm^ of DDW. 
5.2 20% Trichloroacetic acid 
20 cm^ of trichloroacetic acid was mixed in 80 cm^ of DDW. 
5.3 0.01 % Butylated hydroxy toluene 
0.01 cm^ of BHT was pipetted into sufficient DDW and final 
volume was made upto 100 cm^ using DDW. 
5.4 0.65% Thiobarbutyric acid 
0.65 g of thiobarbutyric acid was dissolved in sufficient DDW 
and final volume was made upto 100 cm^, by using DDW. 
IV 
6. Reagents for estimation of CAT 
6.1 Phosphate buffer (0.1M) for pH 6.8 
3.54 g of Na2HP04 was dissolved in 100 cm^ of DDW and 3.72 
g of NaH2P04 was added to 100 cm^ of DDW. To this 12.3 cm^ of 
Na2HP04 was added to 87.7 cm^ of NaH2P04. 
6.2 H2O2 (O.IM) 
0.34 cm^ of H2O2 was added to 100 cm^ of DDW. 
6.3 Sulphuric add (2%) 
2 cm^ of H2SO4 was added to 98 cm^ of DDW. 
6.4 0.1 N potassium permanganate 
This was made by dissolving 0.162 g of KMn04 in 500 cm^ of 
DDW. 
7. Reagents for estimation of POX 
7.1 Pyrogaliol phosphate buffer 
I t was prepared by mixing 25 cm^ of pyrogaliol in 75 cm-' 
phosphate buffer (pH 6). 
Phosphate buffer (pH 6) was prepared by dissolving 3.54 g of 
Na2HP04 in 100 cm^ DDW and 3.72 g NaH2P04 in 100 cm^ of DDW 
separately and mixing 12.3 cm^ of Na2HP04 with 87.7 cm^ of 
NaH2P04. 
7.2 1%H202 
1 cm^ of H2O2 was pipetted into sufficient DDW and final 
volume was made upto 100 c m ^ using DDW. 
V 
8. Reagents for estimation of SOD 
8.1 Phosphate buffer (50 mM) pH 7.0 
I t was prepared by mixing 1.78 g Na2HP04 and 1.56 g of 
NaH2P04 in 100 cnn^ of DDW separately and mixing 91.5 cm^ of 
Na2HP04 with 8.5 cm^ of NaH2p04. 
8.2 Methionine (13 mM) 
It was prepared by dissolving 0.193 g of methionine In 100 
cm^ of DDW. 
8.3 Nitrobluetetrazelium (NBT) (75 fjM) 
6.13 mg of NBT was dissolved in 100 cm^ of DDW. 
8.4 Riboflavin (2M) 
0.732 mg of riboflavin was dissolved in 100 cm^ of DDW. 
8.5 EDTA (O.IM) 
2.92 g EDTA was dissolved in 100 cm^ of DDW. 
